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a b s t r a c t
CdTe detectors with a thickness of 1 mm and a pixel pitch of 250 mm have been ﬂip-chip-bonded to the
HEXITEC read-out ASIC. The detectors record both the position and energy of X-ray interactions
producing an X-ray spectrum for each of the 6400 pixels in the energy range 2–200 keV. In this
arrangement, detectors have been shown to produce excellent spectroscopy with FWHM better than
1.2 keV at an interaction energy of 59.5 keV. Due to the use of small pixels, a signiﬁcant number of events
experience charge sharing where the total energy of the event is distributed between multiple pixels.
Under normal operating conditions, the proportion of events that experience charge sharing was
measured to be 36.4%. Without correction these events lead to a reduction in the spectroscopic
performance of the detector, the production of pronounced ﬂuorescence and X-ray escape peaks, and the
detection sensitivity. In this paper, the effect of different correction algorithms and operating conditions
on the detector performance is presented.
Crown Copyright & 2014 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Over the last 10 years, the STFC Rutherford Appleton Laboratory
has developed a range of small pixel detector systems for hard X-
ray spectroscopy based on cadmium telluride (CdTe) and cadmium
zinc telluride (CdZnTe) materials. The high density and room
temperature operation of these materials makes them suitable
for a broad range of applications. STFC and their collaborators have
successfully applied this technology in the ﬁelds of medical
imaging, materials science and homeland security where the
excellent energy resolution is producing new imaging modalities
[1]. Due to the use of a small pixel geometry, the detectors are
susceptible to charge sharing where an X-ray beam interacting
within the detector shares its energy between multiple pixels.
Without correction these events lead to the degradation of the
spectroscopic performance of the system and cross-talk in images
[2–4]. Developing an effective model of charge sharing in these
detectors is important for studying the effects of pixel pitch and
detector thickness.
In this work measurements have been made with a small pixel
CdTe detector fabricated by Acrorad Ltd. The detector consists of
8080 pixels on a 250 mm pitch surrounded by a guard band of
100 mm width. The total detector dimensions were 20.35 mm
20.45 mm1.00 mm. Detectors have been ﬂip-chip-bonded to
HEXITEC readout ASICs using a low temperature (45 1C) silver
epoxy technique. Each of the 6400 channels contains a
charge sensitive pre-ampliﬁer, shaping ampliﬁer (t¼2 s) and peak
track-and-hold circuit that provide full spectroscopic readout [5].
The ASIC has two gain ranges, a high gain mode (2–200 keV) and a
low gain mode (6–600 keV). For these measurements the ASIC was
operated in high gain mode.
Detectors are mounted on individual carriers in a modular
arrangement to allow the production of large tiled arrays [6].
Individual modules are mounted in the HEXITEC data acquisition
system which provides all the clocking signals required to control
the ASIC as well as providing temperature and atmospheric
control (5–30 1C) to ensure stable operation of the detector.
Previous measurements with these detectors have demonstrated
excellent spectroscopic performance across the entire detector
array with typical FWHM per pixel of 800 eV at a γ-ray energy of
59.5 keV [7].
2. Charge sharing in small pixel detectors
To achieve high energy resolution, the Hexitec system makes
use of the small pixel effect [8]. As the size of each pixel (0.25 mm)
is small relative to the detector thickness (1.00 mm), only carriers
drifting close to the pixels will induce a signiﬁcant charge in the
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detector. This phenomenon allows the effect of the poor charge
transport of holes in Cd(Zn)Te materials to be screened, resulting
in high resolution spectroscopy. One of the consequences of using
small pixel geometries is that a signiﬁcant number of events may
be shared between pixels. Charge sharing occurs when the width
of the charge cloud created by an interaction becomes signiﬁcant
relative to the size of the pixels. The width of the charge cloud is
time and X-ray energy dependent and is affected by a number of
processes such as carrier diffusion, repulsion, ﬂuorescence and
Compton scattering [9]. Without correction, these events can lead
to a degradation of the spectroscopic performance of the detector
by introducing a signiﬁcant background of low energy events.
The HEXITEC system records the energy measured by every
pixel in each frame of data; this ensures that no charge sharing
information is lost. Using this data, different correction algorithms
can be used to remove or recover energy deposited by charge
sharing events. In this paper two methods will be used to correct
for shared events; charge sharing discrimination (CSD) and charge
sharing addition (CSA) [7].
Each frame of data recorded by the detector is inspected for
multiple events that occur in neighbouring pixels, and which are
labeled as a shared event. In the CSD algorithm these events are
removed and not included in the processed spectra; this produces
the highest energy resolution but with a reduction in the effective
counting sensitivity which is deﬁned here as the percentage of
events in the spectrum relative to the number of photons detected.
In the CSA algorithm, the energy deposited in each pixel involved
in the shared event is summed together and assigned to the pixel
that originally received the largest proportion of the energy. The
resulting spectra have improved sensitivity compared to the raw
and CSD corrected data, but suffer from a reduction of energy
resolution due to an increase in noise and errors in the addition
process. In this paper the effects of the operating voltage and
temperature on the effectiveness of the two correction methods
will also be compared.
3. Experimental method
In these measurements a single HEXITEC CdTe module has
been tested. The temperature of the detector was varied in the
range 5–30 1C and was controlled to an accuracy of 70.1 1C using
the DAQ control system. The relative humidity within the detector
enclosure was maintained at o10% over the course of all mea-
surements. For these measurements the detector was exposed to
an 241Am sealed source with an activity of 180 MBq. The detector
was mounted 20 cm from the sealed source, producing a ﬂux of
350 photons s1 mm2 at the detector.
The detector tested has been fabricated in a Schottky diode
arrangement with a planar, ohmic, platinum cathode and a
pixellated aluminium anode. The use of Schottky contacts reduces
the leakage current in the detector, allowing higher operating
voltages to be used. The disadvantage of using these contacts is
that the detectors are susceptible to polarisation where a build-up
of negative space charge under the anode contact causes the
electric ﬁeld under the cathode to collapse [10].
To avoid polarisation contributing to the charge sharing data,
exposure times were limited to 10 s. The short exposure time
means the effect of polarisation on the detector counting sensi-
tivity is low across the entire bias voltage range studied, 100 V to
600 V. As the exposure time is short the number of events per
pixel is relatively low with, on average, 214721 total counts
detected per pixel.
4. Charge sharing correction in small pixel CdTe detectors
4.1. Detector calibration
Due to the low number of counts detected per pixel over the
10 s exposure, the summed response across all 6400 pixels has
been used to analyse the charge sharing effects. To complete this
summation, each pixel required accurate energy calibration which
was achieved using the known lines of an 241Am γ-ray spectrum.
Fig. 1 (Left) shows a single pixel response for a 60 s exposure at
500 V and 5 1C; the lines that are used for calibration are
labelled. Data for calibration was processed using the CSD algo-
rithm to ensure that the peak positions were calculated with high
accuracy. A linear regression was used to calculate the calibration
factors for each pixel. The distribution of the measured FWHM of
the 59.5 keV peak per pixel after calibration is shown in Fig. 1
(Right). The peak of the distribution at this energy was measured
to be 1.1 keV with a width of 70.4 keV.
4.2. Demonstration of charge sharing correction
Fig. 2 (Left) shows the 241Am summed spectrum from the
calibration dataset without the use of any charge sharing correc-
tion. This spectrum sits on a background of low energy events and
contains a number of peaks that are not produced by the sealed
source, for example the line at 23 keV. Fig. 2 (Right) shows
the same data processed with the CSD algorithm that removes
the contribution of charge sharing events. In this spectrum the
Fig. 1. (Left) A single pixel spectrum collected for 60 s at a bias voltage of 500 V at 5 1C after charge sharing discrimination. The four spectral lines identiﬁed are used to
calibrate energy at each of the 6400 pixels. (Right) The distribution of the measured FWHM per pixel for the entire detector for the 59.5 keV line. This peak shows additional
broadening due to a second closely spaced emission.
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majority of the low energy events are removed, leaving behind a
high resolution spectrum as well as reducing the relative height of
some of the additional lines seen in the raw data. The total number
of counts in the spectrum is reduced by 45.0% after correction.
The FWHM of the 59.5 keV peak in the CSD spectrum has a
value of 1.8 keV; this is broader than that usually measured for
individual pixel responses (see Fig. 1). The additional broadening
of the photo-peak, ΔC, can be estimated by
ΔC ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ΔEsummedð Þ2 ΔEsingle
 2q ð1Þ
where ΔEsummed is the FWHM of the summed spectrum and ΔEsingle
is the average FWHM of a single pixel. The average additional
broadening introduced from the summation of spectra was
71.4 keV and was due to errors in the pixel calibration. Typically
these errors occur when the automated Matlab script used to
analyse the spectroscopic data assigns the wrong channel number
to a peak of known energy. This can occur due to crystalline
defects that produce additional noise in the pixels or can result in
an X-ray interaction depth-dependent reduction in the charge
collection efﬁciency [11].
The events removed from the raw spectrum by the CSD
correction algorithm contain important information on the X-ray
interaction processes within the detector. Fig. 3 shows the spec-
trum of the events that were removed from the raw data seen in
Fig. 2 (Left). A number of prominent peaks are present in this
shared spectrum, including pile-up and charge loss events as well
as CdKαand TeKα ﬂuorescence peaks and their related escape peaks
relative to the primary 241Am γ-ray.
The pile-up events observed in Fig. 3 are not traditional pile-
ups that occur when two photons interact in the same pixel during
a single frame of data. In this case, pile-up events occur when two
individual photons are collected by adjacent pixels within the
same frame and are incorrectly identiﬁed as charge sharing. In
these measurements, pile-up events accounted for 1.2% of the total
events detected. A broad continuum of shared events was also
observed in an energy window of 50–59 keV. These events were
due to interactions involving charge sharing where a proportion of
the total charge was lost, either due to trapping or due to the low
energy threshold in the detector. The low energy threshold limited
the charge sharing corrections to fractions of charge (42 keV per
pixel).
The same calibration data (see Fig. 2) was processed using the
CSA correction algorithm to produce the spectrum shown in Fig. 4
(Left). A comparison of the total number of events in the CSD and
CSA corrected spectra shows that 36.4% of events involve charge
sharing. After CSA correction, the FWHM of the peak increased to
1.9 keV from 1.8 keV previously measured with the CSD correction.
This increase in FWHM is due to the addition of noise from each
pixel, charge loss due to the low energy noise edge and the effects
of charge trapping. In Fig. 4 (Right) the spectrum of just those
events that have undergone CSA correction are shown. The FWHM
of the 59.5 keV photo-peak in this instance is 2.1 keV, demonstrat-
ing the broadening that occurs after CSA correction.
4.3. The effect of event multiplicity
As seen in the previous section, charge sharing corrections can
affect both the energy resolution and efﬁciency of a detector. It is
possible to vary the degree of correction based on event multi-
plicity, where multiplicity refers to the number of pixels involved
in a charge sharing interaction. Fig. 5 (Left) shows the individual
spectra, after CSA correction, produced from events involving just
1–4 pixels only. If no other factors inﬂuence the measurement
then the FWHM of the 59.5 keV peak will increase with event
multiplicity (N). Errors in the resolution of individual pixels and
errors in individual energy calibrations (ΔC) will be added in
quadrature as shown:
ΔE¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N
p
 ΔEN ¼ 1
 2
þ
ﬃﬃﬃﬃ
N
p
 ΔC
 2r
ð2Þ
Fig. 5 (Right) shows how the measured 59.5 keV photo-peak
FWHM increases with the event multiplicity and is compared to
that predicted by Eq. (2). The measurements compare well to the
Fig. 2. (Left) The summed spectrum of all 6400 pixels after energy calibration but with no correction for charge sharing. (Right) The same data after energy calibration and
CSD correction.
Fig. 3. The spectrum of the discriminated events. Examples of pile-up, ﬂuorescence
peaks and escape peaks are all clearly observed.
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predicted values, suggesting that the error in the charge sharing
addition process is dominated by the resolution of individual
pixels and errors in calibration.
As the correction of larger multiplicity events leads to greater
reductions in the spectroscopic resolution of the detector, addi-
tional corrections can be applied to varying degrees. Table 1 shows
how the detector sensitivity and resolution at different energies
changes as a function of the number of pixels included in the
correction. A 30% improvement in detector counting sensitivity is
achieved when 2 pixels events are included in the correction,
resulting in only a small increase of 0.06 keV in the FWHM of the
59.5 keV peak. At a bias voltage of 500 V and a temperature of
5 1C the 3 and 4 pixels events represent only 4.6% of the total,
signifying that their correction results in only a small improve-
ment in the counting sensitivity. Correcting for 3 and 4 pixels
events leads to a 0.02 keV increase in the FWHM of the 59.5 keV
peak which is larger relative to the number of events corrected. At
the lower energies of 13.8 keV and 26.4 keV no effect on the
energy resolution is observed as the numbers of corrected events
are negligible. Under non-ideal conditions, i.e. higher tempera-
tures and lower voltages, additional diffusion of the charge cloud
will lead to an increase in the number of 3 and 4 pixels events
resulting in larger increases of the FWHM.
In Fig. 5 (Left) there are also a signiﬁcant number of counts at
energies 459.5 keV for multiplicities 41 which were not visible
in the single pixel (N¼1) spectra. Events with energies 470 keV
represent 0.06% of the total number of events compared to 1.20%
after full CSA (N¼4) correction. The presence of these additional
high energy counts is due to errors in the CSA correction where,
for example, two separate 59.5 keV events occur in adjacent pixels
within 250 ms (a single frame of data). In this instance the energy
deposited in the pixels is summed together incorrectly. This problem
will become more severe with increasing count rate; above a ﬂux of
106 photons s1 per CdTe detector (103 counts s1 per pixel) the
use of a simple charge sharing addition correction is no longer
feasible as the majority of interactions will be interpreted to be
shared. In applications, such as SPECT imaging, where the energies of
the γ-rays are known, this could be partially accounted for more
intelligent charge sharing corrections.
4.4. Fluorescence X-rays and generation of escape peaks
As shown earlier, the spectrum of shared events in Fig. 3
contains the prominent Kα1 lines of Cd and Te which have energies
of 23.2 keV and 27.5 keV respectively. The mean free paths of the
X-ray ﬂuorescence lines in the CdTe detector are 112 mm and
59 mm for Cd and Te respectively. The higher energy Te ﬂuores-
cence X-ray has a lower mean free path due to its proximity to the
K-edges of the material. These path lengths are signiﬁcant relative
Fig. 4. (Left) The total detector spectrum after energy calibration and CSA correction. (Right) The spectrum of only those events that have undergone CSA correction.
Fig. 5. (Left) The spectra produced from different multiplicity events. (Right) The measured FWHM of the 59.5 keV photo-peak (black square) produced from the different
multiplicity events and the predicted FWHM (white square). At multiplicity 1, measured and scaled values are identical. Data was measured at 500 V and 5 1C.
Table 1
The effect of the degree of charge sharing addition correction on the detector
counting sensitivity and energy resolution. Data was recorded at 500 V and 5 1C.
Correction
degree (N)
Sensitivity
(%)
FWHM@14 keV
(keV)
FWHM@26 keV
(keV)
FWHM@60 keV
(keV)
1 63.0 0.81 0.86 1.80
2 93.0 0.86 0.92 1.86
3 96.3 0.86 0.92 1.87
4 97.6 0.86 0.92 1.88
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to the pixel size (250 mm) meaning that there is a high probability
of absorption of the ﬂuorescence photon in a neighbouring pixel.
As the mean free path of CdKα1 is almost double that of the TeKα1
this leads to proportionally more of these events being detected.
The generation of the ﬂuorescence photons by the 59.5 keV
241Am γ-ray results in the production of a number of escape peaks
that are clearly observed in the spectrum of shared events seen in
Fig. 3. These escape peaks are formed when the deposition of the
energy of the primary photon results in the production of
ﬂuorescence photons that subsequently leave the volume of the
original pixel and leave the detector completely. The energies of
the escape peaks are simply given by the difference between the
principal γ-ray emission and the ﬂuorescence X-ray energies; in
the case of the CdKα1 and TeKα1 this gives peak energies of 36.3 and
32.0 keV respectively. The escape ratio (f) can be used to describe
the proportion of escape events to the number of counts in the
principal photo-peak. The escape ratio is deﬁned by
f ¼ Ne
NeþNp
ð3Þ
where Ne and Np are the counts in the escape peak and the counts
in the photo-peak respectively.
The combined escape ratio for the Cd and Te ﬂuorescences was
calculated before and after the charge sharing corrections. The
value of Ne was calculated from the integrated number of counts
between energies 27–40 keV, see Fig. 6. The total number of
counts in the principal photo-peak, Np, was given by the integrated
counts for energies between 55–63 keV. In each case f was
calculated and was found to be 42.6%, 17.2% and 14.2% for RAW,
CSD and CSA corrections respectively. After charge sharing correc-
tion the combined escape ratio is reduced by two thirds due to the
successful removal of ﬂuorescence events.
Despite the reduction in the escape ratio after correction,
ﬂuorescence and escape peaks can still be observed in the CSD
and CSA spectra as shown in Fig. 6. The presence of these peaks
demonstrates that there are still a number of events where the
generation of ﬂuorescence X-rays leads to incomplete correction of
charge sharing.
In a small pixel detector a ﬂuorescence event is able to
contribute to the escape peak, even after the application of simple
correction algorithms, through two processes as shown in Fig. 7
(Left). In the ﬁrst process (A), a fraction (fnn) will be absorbed
beyond the nearest neighbour pixel and will be mistaken as
individual events with energies of 23.3 keV and 36.3 keV in the
case of a Cdkα ﬂuorescence. In process (B), a fraction of ﬂuores-
cence X-rays (fs) is generated that subsequently escape from the
detector surface leaving behind only a portion of the original
energy in the case of the Cdkα this will be 36.3 keV. To account for
these processes the escape ratio can be expanded as follows:
f ¼ f sþ f nn: ð4Þ
The precise values of fs and fnn are highly dependent on the
detector pixel size, the energy of the primary photo-peak and the
energy of the ﬂuorescence photons generated. In these measure-
ments the mean free path of the 59.54 keV 241Am γ-ray in the CdTe
detector is 250 mm [12] and this deﬁnes the average depth of
interaction within the detector and the subsequent distance that a
ﬂuorescence photon must travel to leave the detector surface and
contribute to fs. In the HEXITEC detector geometry, to be absorbed
in a pixel beyond the nearest neighbour (fnn) either in part or total
the ﬂuorescence photon must also travel 4250 mm.
The NIST XCOM database [12] was used to calculate the number
of CdKα1 and TeKα1 photons that are expected to travel further than
250 mmwithin the CdTe detector, as shown in Fig. 7 (Right). If the
assumption is made that there is sufﬁcient energy available to
produce one Cd and one Te ﬂuorescence event per incident photon
Fig. 6. A comparison of the relative intensity of Cd and Te ﬂuorescence and escape
lines for RAW data (black) and after CSD (red) and CSA (green) correction. Lines are
also observed at 26.3 keV and 13.8 keV which are emitted from the sealed source.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 7. (Left) A diagram showing two processes that result in incomplete correction of charge sharing events. In process (A) a ﬂuorescence photon is generated and is
absorbed beyond the nearest neighbour pixel. In process (B) the ﬂuorescence photon escapes from the surface of the detector. (Right) The variation in the fraction of
transmitted photons with depth in CdTe. Data is shown for the Cdkα1 (solid) and Tekα1 (dashed) ﬂuorescence X-rays and was calculated using the NIST XCOM database [12].
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the combined escape ratio (f) will be the sum of the two
probabilities, in this case 14.1%. This value compares well with
the value of the combined escape ratio of 14.2% measured from
the CSA corrected spectra but does not provide any further
information on the fraction of ﬂuorescence X-rays leaving the
detector surface or being wrongly identiﬁed as individual events.
In Fig. 6 a Cdkα1 ﬂuorescence peak is still observed in the total
detector spectrum after CSD and CSA correction. The counts in this
peak must be the result of ﬂuorescence X-rays that have travelled
beyond the nearest neighbour pixel as shown in Fig. 7 (Left A). If
the numbers of events in the Cdkα ﬂuorescence and escape peak
are compared, then the escape ratios for the events leaving the
detector surface (fs) and those being absorbed beyond neighbour-
ing pixels (fnn) can be calculated. The numbers of events in each
peak was estimated from a Gaussian ﬁt to the spectroscopic data
and compared to the total number of events in the primary photo-
peak. In the case of the Cdkα1 ﬂuorescence, values of 2.14% and
2.77% were calculated for fs and fnn respectively.
The same calculation was attempted for the Tekα1 ﬂuorescence
and escape peak. While a Tekα1 ﬂuorescence peak can be observed
in uncorrected spectra, after CSA correction these events are
reduced below background (see Fig. 6). This suggests that only a
small amount of these X-rays travels beyond the nearest neigh-
bour pixels due to their small mean free path. The lack of a
ﬂuorescence peak after CSA correction means that only the
combined escape ratio, f, can be estimated and has a value of 3.19%.
4.5. Voltage and temperature dependence of charge sharing
The proportion of shared events in the detector can be
predicted using the model proposed by Inewski et al. [9]. The
radius of the charge cloud as it drifts across the detector can be
estimated by by
r¼ r0þ1:15d
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kBT
qV
s
ð4Þ
where r is the radius of the charge cloud at the end of the drift, r0
is the initial width of the charge cloud formed in the crystal, d is
the drift length of the charge, kB is Boltzmanns constant, T is the
operating temperature of the detector, q is the elemental charge
and V is the operating bias of the detector. If the geometry of the
detector is known then the proportion of shared events can be
calculated by
S¼ 1 aþ2c2rð Þ
2
aþgð Þ2
" #
ð5Þ
where S is the fraction of events that experience charge sharing, a
is the width of the pixel electrode (200 mm), g is the inter-pixel
spacing (50 mm) and c describes the width over which a pixel
collects the total charge deposited in an interaction [9]. In this
geometry c has a value of 0.5 g (25 mm).
Data was taken with the detector for varying operating bias and
temperature. Under each set of conditions the fraction of shared
events was calculated from the CSA and CSD data by
S¼ NCSANCSD
NCSA
þ f nn ð6Þ
where NCSA and NCSD are the number of counts in the 59.5 keV
photo-peak after CSA and CSD correction respectively. An event
contributes to the calculated number of events in the photo-peak
if it occurs in the energy window 55–63 keV. The term fnn
corrects for the small fraction of ﬂuorescence X-rays that travel
beyond the nearest neighbour and are incorrectly identiﬁed as
individual events. The value of fnn was evaluated for the Cdkα
peaks in each data set, it was found to be independent of
temperature and voltage and had an average value of
0.02970.003. The data was ﬁtted using Eqs. (4) and (5) and
used to extract a value for the initial diameter of the charge cloud
r0, (see Fig. 6).
An apparent temperature dependence in the extrapolated
values of r0 was observed for the charge sharing data sets. Over
the temperature range studied the value was found to increase by
3 mm between 16 mm and 19 mm, as seen in Fig. 8. The reason for
the apparent change in the initial charge cloud radius is unclear,
but may be due to errors in the calculation of shared events due to
the loss of photons through the detector surface, charge trapping
within the detector volume or charge loss due to the low energy
threshold of individual pixels. This threshold effect increases at
higher temperatures due to an increase in interactions with higher
multiplicities.
Using the NIST ESTAR database [13] a calculation of the range of
a typical photoelectron in a CdTe crystal was performed. The
assumption was made that at most a single electron can absorb
the entire photon energy (59.5 keV), deﬁning the absolute max-
imum size of the charge cloud. Under these conditions the average
photoelecton range was calculated to be 18.8 mm, which compares
well with the average extrapolated value of 17.271.4 mm for the
initial charge cloud radius.
As the proportion of shared events changes as a function of
temperature and voltage this will have an impact on the sensitivity
of the correction algorithms. Figs. 9 and 10 demonstrate how the
spectroscopic performance of the detector changes with the
operating conditions using the CSD and CSA correction techniques.
Fig. 8. (Left) The variation in charge sharing events as a function of detector bias voltage and temperature. Data points have been ﬁtted using Eqs. (4) and (5) to extract the
initial charge cloud radius, r0. (Right) The variation of r0 as a function of the detector temperature.
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The quality of the corrections can be determined from the FWHM
of the 59.5 keV photo-peak. Fig. 11 shows how the FWHM varies
for each set of operating conditions.
Using the CSD correction algorithm, very little variation in the
FWHM is observed with changing detector temperature. For
example, at a bias voltage of 400V the average FWHM was found
Fig. 9. The variation in spectroscopic performance with voltage at 20 1C. (Left) After CSD correction and (Right) after CSA correction. Note the different y-scales.
M.C. Veale et al. / Nuclear Instruments and Methods in Physics Research A 767 (2014) 218–226224
to be 1.54 keV and varied by 70.18 keV over the 25 1C tempera-
ture range. The largest changes in detector performance were
observed at 100 V, as seen in Fig. 9 (Left), where the increased
carrier drift times resulted in additional charge trapping. At the
highest operating temperature of 30 1C the FWHM varied from
2.66 keV at a bias of 100 V to 1.60 keV at 600 V. Across the
Fig. 10. The variation in spectroscopic performance with temperature at 100 V. (Left) After CSD correction and (Right) after CSA correction. Note the different y-scales.
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operating conditions studied, the FWHM after CSD correction
shows little variation; however, the counting sensitivity does
decrease at lower voltages and higher temperatures due to the
increase in the proportion of shared events. At the two extremes of
operating conditions, 100 V at 30 1C and 600 V at 5 1C, the
counting sensitivity was seen to change from 44.4% to 63.0%.
The effectiveness of the CSA correction showed the biggest
changes at low bias voltages while a much weaker dependence
was observed with temperature, compared to the CSD correction.
At lower voltages the increased amounts of charge sharing and the
greater proportion of high multiplicity events lead to charge loss
that reduces the spectroscopic performance of the detector. The
source of this charge loss is the 2 keV low energy threshold of each
pixel. For an event involving 4 pixels (N¼4) this can result in the
loss of up to 8 keV. Despite these adverse effects, the counting
sensitivity remains close to 100% for all operating conditions when
using the CSA correction.
5. Conclusions
These measurements have demonstrated the effect of charge
sharing on the spectroscopic performance of small pixel CdTe
detectors. Under standard conditions, 5 1C and a bias voltage of –
500 V, it was found that 36.4% of events involved charge sharing.
If the energy deposited in each pixel is accurately known then
correction algorithms may be used to recover energy resolution
and counting sensitivity. The use of charge sharing discrimination
(CSD) and charge sharing addition (CSA) algorithms proved
effective for recovering the information in shared events produ-
cing total detector spectra with FWHM of 1.80 and 1.86 keV
respectively measured under the standard operating conditions.
While the use of the CSA correction resulted in a small increase in
the FWHM it also increased the detector sensitivity from 63%
to 93%.
An analysis of the escape peaks present in the spectroscopic
data demonstrated that, even after CSA correction, 14.2% events
remain uncorrected. These uncorrected events were due to the
loss of ﬂuorescence X-rays in other pixels or from the detector
surface. The presence of escape and Cdkα ﬂuorescence peaks in the
CSA corrected spectrum is consistent with 2.8% of events being
absorbed beyond neighbouring pixels and a further 2.1% leaving
the surface of the detector.
Measurements of the temperature and voltage dependence of
charge sharing were used to validate the charge sharing model
proposed by Iniewski et al. A ﬁt to this model was used to extract
the initial radius of the charge cloud formed in the detector, which
had a value of 17.271.4 mm, which compared well to other
models. The CSD and CSAwere also shown to be effective under all
the operating conditions tested although increases in the FWHM
of the 59.5 keV peak were observed at the lowest voltages
(o200 V) due to large increases in the number of shared events
that led to some charge loss.
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